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ABSTRACT This paper suggests a novel Model-Free Predictive Control (MFPC) approach for three-phase
quasi Z-source inverters (qQZSI). While Model Predictive Control (MPC) is popular for qZSI due to its ease
of use and performance, it suffers from sensitivity to parameter mismatch. The proposed MFPC overcomes
this limitation by relying on an ultra-local model (ULM), eliminating the need for precise parameter
matching. This approach establishes a comprehensive mathematical model for key qZSI control variables,
including load current, inductor current, and capacitor voltage. Additionally, a unique method seamlessly
integrates shoot-through status into the MFPC framework without compromising qZSI operation. Simulation
results across various operating conditions demonstrate how much better the suggested MFPC is than the
traditional MPC, especially under parameter mismatch scenarios. Notably, the MFPC achieves a significant
improvement, exceeding a 37% reduction in total harmonic distortion (THD). Furthermore, the practicality
of the proposed MFPC strategy is validated through hardware-in-the-loop (HIL) testing using a C2000TM
microcontroller.

INDEX TERMS Ultra-local model, model-free control, model predictive control, parametric uncertainties,

quasi Z-source inverter, total harmonic distortion.

I. INTRODUCTION

The Z-source inverter (ZSI) was introduced in 2002 as a
viable alternative to the conventional two-level voltage source
inverter (VSI). The ZSI employs a Z-source network that
consists of two inductors, capacitors, and a diode to perform
a buck-boost operation within a converter that operates in
a single stage. The ZSI can boost the input voltage to the
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required DC-link voltage within a single stage by integrating
an additional switching state known as the shoot-through (S7)
state. These features enable the ZSI to deliver enhanced per-
formance, simplified design, and reduced costs [1]. The gZSI,
as an advanced and derivative edition of the ZSI, offers some
distinct advantages. These include a continuous input current
and common ground between the DC supply and the DC-link
bus. Furthermore, the voltage across one of the capacitors in
the quasi Z-source network is significantly reduced, which
leads to a decrease in the size of the passive components [2].
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The qZSI is, therefore, anticipated to have a wide range of
applications in sustainable energy systems, including elec-
tric vehicle drivetrains [3], photovoltaic applications [4], and
energy storage systems [5].

The linear control methods can control the qZSIs effi-
ciently. The primary basic strategies for the qZSI are known
as the direct and indirect DC-link voltage control pro-
cesses. [6]. The cascaded control loops are complicated while
obtaining excellent performance because of the simultaneous
regulation of the AC and DC sides of the qZSI. Addition-
ally, the DC-side shows evidence of the non-minimum phase
system properties [7]. Therefore, other nonlinear control
techniques for ZSI/qZSI were proposed, including neural
network control [8] and sliding mode control [9]. Such
algorithms provide a rapid dynamic response compared to
conventional proportional-integral (PI) based controllers but
at the expense of a more complicated implementation.

Considering the merits of model predictive control (MPC),
such as quick dynamic reaction, easy control structure, and
the ability to manage nonlinear features and restrictions, it has
been regarded as a potential control solution for the gZSI [10],
[117,[12], [13], [14]. The MPC was employed for controlling
different qZSI implementations, including the bidirectional
qZSI for permanent magnet synchronous machines [10], the
H-bridge cascaded multilevel qZSI [11], the neutral-point-
clamped qZSI [12], the three-phase four-leg qZSI [13], and
the quasi Z-source direct matrix [14].

Numerous techniques have recently been presented to
improve the robustness of MPC for various applications in the
literature. MPC has two significant challenges: i) resolving
the optimization issue requires a substantial number of online
computations, and ii) the practicality of MPC is reliant on
the accuracy of the system’s model. Therefore, the latter
could be solved by implementing model-free control that
accurately predicts system behavior and enables efficient
control actions without relying on a detailed system model.
The standard MPC necessitates many computations to solve
all the optimization issues online. Various MPC algorithms
are presented [15], [16], [17], [18], [19] to reduce the compu-
tations of the traditional MPC for the qZSI. A reduced-cost
function has been employed for the MPC in [15]. However,
simplifying the calculation may compromise the optimization
accuracy, leading to suboptimal control performance. In [16],
changing the switching state at every switching cycle will
lower the current ripple without calculating the cost func-
tion. This process may also increase the switching frequency,
resulting in increased losses in the power semiconductor
devices.

A logical-operational construct for MPC is presented
in [17]. The technique uses a sequence of logical represen-
tations to eliminate the weighting components and select
the vector. However, when employing a single switching
vector for the sampling cycle duration, the switching fre-
quency remains variable, leading to a notable current ripple.
More empirical evidence is needed to validate its effective-
ness. In [20], a discrete-time average MPC approach was
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implemented for the qZSI. This approach effectively avoided
the requirement for loop calculations and cost function eval-
uations, resulting in enhanced performance at a consistent
switching frequency [19]. A proposal is made to employ a
vector-based MPC approach to decrease the ripple in the
current of the inductor. However, the approach increases
the objective function by two weighting parameters, which
can jeopardize the technique’s computational efficiency. The
MPC behavior can be greatly affected by even minor changes
in the actual plant dynamics and its representation. Model-
free predictive control has become increasingly popular to
mitigate this dependency on the system model. MFPC offers
advantages similar to predictive control, such as systemati-
cally addressing limitations and non-linearities. Additionally,
MFPC incorporates a model-free or system-identification
approach to reduce reliance on specific characteristics of the
system model.

In recent times, the application of MFPC has been explored
within the domain of power electronics control. Specifi-
cally, it has been investigated for controlling electric motor
drives [20] and doubly-fed induction generators [21]. These
studies highlight the potential of MFPC in improving con-
trol performance and addressing the challenges associated
with power electronics applications in various domains.
More research in MFPC for DC/AC converters is essen-
tial since these MFPC approaches are specifically practical
for DC/AC converters [22]. The use of MFPC in drives
and power electronics has been reviewed and summa-
rized in the literature [23], which suggests that MFPC
strategies are appropriate for addressing rapid dynamics.
State-of-the-art approaches have been developed to enable a
model-free control approach. These solutions utilize various
techniques, such as an ultra-local model (ULM) for predict-
ing future system states [24], a sliding-mode disturbance
observer [25], a recursive least squares (RLS) estimator [26],
an autoregressive exogenous (ARX) model according to
the recursive least squares (RLS) method [22], and a
fractional-order controller to define the unknown function of
the ULM [27].

This manuscript introduces a novel MFPC technique for
qZSI, offering several advantages to cope with the limi-
tations related to the conventional MPC approach. Firstly,
the proposed MFPC method can be practical for systems
with variable switching frequency, enhancing its versatility.
Additionally, it eliminates the need for model parameters,
simplifying the control process for qZSI. Furthermore, the
detailed development of the integration of shoot-through
into the ULM to eliminate dependency on qZSI parameters
is presented. This aspect is recognized as a challenge for
qZSI. The study also evaluates the behavior of the qZSI
using traditional MPC to benchmark it against the proposed
MFPC. The findings illustrate the efficacy and superiority
of the proposed MFPC technique, particularly in situations
characterized by dynamic operational settings and scenarios
featuring parameter mismatches. The main findings of the
paper can be summarized as follows:
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o Propose a robust algorithm for predictive control of
qZSI, addressing parameter mismatches within the
model.

o The control input required by the ULM to estimate
the unknown function is determined by considering the
unique state of the shoot-through in the qZSI. This task
is deemed challenging compared to the existing MFPC
approaches found in the literature.

o Thoroughly benchmarking the proposed MFPC against
conventional MPC for qZSI, elucidating key differences
and performance metrics.

o The simulation findings demonstrate the feasibility of
the suggested MFPC procedure in reducing the THD
in the load current, while also showcasing its immunity
to parameter mismatches when compared to traditional
MPC.

« Validation of the suggested MFPC through HIL testing.

The remaining parts of the manuscript are structured in the
following manner: Section II presents the traditional MPC
approach designed for the qZSI. However, in Section III,
the proposed MFPC algorithm is comprehensively explained.
The simulation findings, showcasing the performance and
effectiveness of the suggested MFPC method, are displayed
in Section V. Section IV validates the advantages of the
suggested MFPC method employing HIL validation. The
comparative investigation is illustrated in Section VI. After
all, Section VII provides a conclusion to the paper by review-
ing the findings and implications of the study.

Il. CONVENTIONAL MPC CONTROL OF qZsi

The qZSI is a single-stage DC/AC power converter that uti-
lizes a unique impedance network to boost the output voltage.
The qZSI power circuit is presented in Figure 1. It contains a
DC supply, a quasi-Z-source network (qQZSN), a 3-¢ inverter,
and a three-phase RL load. The generation of the desired
output voltage is achieved through the amalgamation of active
and null voltage vectors, accompanied by the integration of an
additional ST state into the space vector diagram (SVD). As a
result, there are eight essential voltage vectors for the qZSI,
seven of which are used in non-ST states and one in the ST
state.

C Two-Level
qZSN - Three leg Three-Phase Load
Li L2
mﬁ"Dmmﬁ
Jj | i Lt Re
| C
. £ J
Oin r “F Ve Q} i E“:g 1
I
! =
g sl

FIGURE 1. Three-phase qZSI topology.

MPC can be applied to the gZSI to improve its performance
by predicting switching states, optimizing the control inputs,
and ensuring the system remains within safe operating limits.
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Implementing conventional MPC in the qZSI involves the
following steps: 1) The first one is known as prediction, and it
measures variables such as 3-¢ currents, inductor current, and
capacitor voltage. ii) The next stage is to predict the future
value of the variables, which are determined from actual
measurements. iii) The third part is optimization; it picks
the appropriate switching state corresponding to the lowest
objective function value.

The control architecture of the system is significantly sim-
plified when MPC is implemented on the gZSI. As presented
in Figure 2, the instantaneous output 3-¢ current (i, ip, and i)
transformed into af coordinates (i, and ig) at the present
point are first sampled to predict their states for the next
sampling cycle. After that, the defined objective function is
evaluated according to the predicted control variables and
their reference values to reach an optimum output voltage
vector that can achieve a good control performance of the
inductor current, output currents, and capacitor voltage. The
optimum voltage vector is transformed into the switching
state of the inverter as part of the control of the qZSI. This
procedure allows for controlling and manipulating the qZSI’s
functioning effectively.

Vs(101) Vs(101)

FIGURE 2. Voltage space vector representation for qZSI.

A. INVERTER LOAD CURRENTS PREDICTION MODEL

To incorporate the output currents as control variables, their
actual values are measured and fed back into the control loop.
The output currents are converted into the stationary frame
(o, B), as seen in Figure 2. This conversion allows for further
analysis and manipulation of the currents within a fixed ref-
erence frame. As shown in Table 1, the 3-¢ inverter features
eight switching states (So—S7) with defined a8 voltage vector
values. The Clark transformation is utilized to convert the
output currents (iz:) in a 3-¢p system, typically expressed
in the abc coordinate framework, into the o8 coordinate
system (1).

X, ta
|:xa :| = Taﬁ/ubc Xb |

p X,
¢

_ 21 —1/2 —-1/2
Taﬁ/abc—\/;[o «/§/2 —«/3/2:| (n
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TABLE 1. qZSl voltage vectors.

Switching states

Jj Vi S S: 83 S+ S5 S Ve Vi

Voltage vector

o ¥ 0 0 0 1 1 1 0 0
1 v, 1 0 0 o0 1 1 243 0
. 2 v, 1 1 0 0 0 1 V3 NEV V]
3 v o0 1 0 1 0 1 - Val3 V3v,./3
S T4 7, 0 1 1 1 0 0 2B 0
5 % 0 0 1 1 1 0 “Val3 —V3V,/3
6 Vs 1 0 1 0 1 0 Vi3 —3v,./3
§ 7 v 1 1 1 1 1 1 0 0

Here, Tug/apc denotes the Clark matrix transformation,
where ’x’ symbolizes the voltage and current variables.

Figure 2 depicts the SVD and illustrates the various space
vector representations of the output voltages between the load
terminals, as given by the discrete-time equation:

Vpk + 1) =2Va(S1 +a$ +a259) /3 @)

where p = (0 to 7), V. is the maximum value for the DC-bus
voltage, a = ¢/*™/3 and S, S5, and S5 are the upper switching
states for legs a, b, and c, respectively.

When considering a three-phase inductive load (RL) at the
output of the qZSI, the following may be used to determine
the output voltage in the o8 plane:

di ,
Via.p) = L—(Zﬁ) + Ri(q,) 3

In the of plane, the output currents are denoted by i,
and ig.

The following discrete-time equation can describe the dif-
ferential of the output current using Euler’s procedure:

di,py(k) i p)k) — i@p(k —1)
dt n Ts
In the given context, the indices k and k-1 designate
the current and previous sampled values, respectively, when
referring to the current and control values. To calculate
the upcoming estimate of the output currents, the time is
advanced by one sampling cycle, as shown below:

T5V(a,/3)(k +1) +L i(aﬁﬂ)(k)
RTs + L

“

ipk+1)=

&)

B. CAPACITOR VOLTAGE AND INDUCTOR CURRENT
PREDICTION MODELS

Figures 3 and 4 illustrate the circuits that describe the qZSI’s
operating modes. In the non-S7 mode, the inductors L; and Ly
absorb power from the input as well as the capacitors Cj
and C;. Meanwhile, the inductors will feed the capacitors
in ST mode. Therefore, to accurately predict the behavior
of the inductor current ir; and the capacitor voltage vci,
it is necessary to develop prediction models specific to the
operating mode of the qZSI. These prediction models will
consider the unique characteristics and dynamics of the qZSI
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FIGURE 3. The qZSI power circuit in non-ST mode.
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FIGURE 4. The qZSI power circuit in ST mode.

in each operating mode to ensure accurate and reliable iy ; and
vc1 predictions.

C. NON-ST MODE

As depicted in Figure 3, the non-S7 state of the qZSI, encom-
passing both zero and active modes, can be characterized
mathematically by the following equations that describe the
voltage across capacitor Cy and the current passing via induc-
tor Lp:

dvei(k
o vf;t( L= i1 = i) ©
1 diLait(k) = Vet (k) = Vin(k) + Rinair1(k) 0

where C; is the capacitance, L; is the inductance of the
gZSN; Rinq s the equivalent series resistance of the inductor,
vin and vep are the DC source and capacitor C; voltages,
respectively; iy 1 is the current via inductor L1, during the k"
instant.

The i;,, is the output current of the qZSI, which may be
resolved by the switching state procedure described below:

limy(k) = Stia(k) + S2ip(k) + S3ic(k) ®)

In (8), iy(k), ip(k), and i.(k) are the discrete 3-¢p output
currents. It is noteworthy that when the qZSI functions in
the null state, i;,,(k) equals zero. This means that the current
flowing through the inverter (ij;, ) is zero during the null state
of the qZSI operation.

87853



IEEE Access

A. Abid et al.: MFPC for Improved Performance and Robustness of Three-Phase qZSI

The predicted ir; and vciare derived by using Euler’s
procedure to discrete (6) and (7) as follows:

Ts(in(k) — k Liipq(k
i+ 1) = sWin( )LI\;C;(- 2)T-S|- 1ir1(k) ©)

T
ver(k + 1) = ver (k) + C—f(iu(k + 1) — ik + 1)) (10)

D. NON-ST MODE

In Figure 5, when the diode is switched off, all of the capaci-
tors immediately evacuate the stored energy into the inductors
upon reaching the ST state. The following equations might be
employed to explain the voltage across an inductor and the
current via a capacitor in this specific case:

dip (k) .
L " =vc1(k) 4 Ring ir1(k) (11)
dve(k) .
G = —ip1(k) (12)
dt
iLl - 2SN VdC VeI 3 N RL
q
VC1 +— . Load
labc
. T S1,23,....6
Lap,ref
PTEf el erem.:e lL?/w Cost Function
. ___,| Calculation UC1,ref
Vin
==
IE
5|33
R | ==
irn— . -
vc1— Estimation Lap,ref

FIGURE 5. Diagram of the proposed MFPC for qZSI.

According to Euler’s procedure, (11) and (12) are dis-
cretized to determine the future capacitor voltage and induc-
tor current, which are described as:

Tsvci(k) + Lyip (k)

i1k +1)= 13
ir(k+1) Li 4 RoaTs (13)

T
vertk + 1) = vey (k) — C—Sliu(k+ 1) (14)

E. OBJECTIVE FUNCTION OF THE TRADITIONAL MPC

The preceding qZSI model (see (11)-(14)) is used in con-
junction with the conventional MPC approach to forecasting
the system’s future behavior, including the iy 1, vc1, and igpe.
Using this predictive model, a cost function defined in (15) is
established and evaluated to determine the optimum voltage
vector for every sampling period. The objective function
is critical in determining the optimal control action, as it
assesses and chooses the most advantageous alternative by
considering the predicted behavior of the system.

8 = liaref — ia(k + T9)| + |ig rer — ipCk + Ts)]
+  Ac [verrer — vertk + Ts)| + AL |ipt e — ip1(k + Ts)|
(15)
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In (15), the symbols A; and Ac denote the weighting
parameters assigned to the current through the induc-
tor L; and the voltage across the capacitor Cy, respectively.
io,ref and ig s denote the reference current components in
the of plane, while iy s and vc1, r represent the reference
values for the inductor current and capacitor voltage, respec-
tively. These parameters play a crucial role in shaping the
objective function and influencing the control decisions made
by the MPC algorithm.

IIl. PROPOSED MODEL-FREE PREDICTIVE

CONTROL FOR qZSI

The key objective of the control system for the gZSI is to
cancel the errors between the reference values and their mea-
sured variables (iL1, vc1, iog)- This is achieved by employing
a cost function such as (15). In the instance of the traditional
MPC, the output current predictions are calculated using
the load resistance and inductance knowledge on the AC
side. Moreover, the capacitor voltage and inductive current
are computed using the capacitance and inductance values
associated with the qZSI. Thus, any uncertainty in the model
produces inaccurate current and voltage predictions, reducing
the performance of MPC for qZSI.

The inspiration behind the proposed MFPC is to decrease
the information in the framework required to perform fore-
casts and compute ideal control activities as much as possible.
To achieve this, a mathematical demonstration with a stan-
dard structure is chosen so that negligible past information
about the physical framework is required. At that point,
by utilizing an estimation calculation, the parameters of the
model are consequently upgraded utilizing input and output
estimations. Figure 5 depicts the schematic representation of
the proposed MFPC approach.

The prediction demonstrated in Figure 6 is built expect-
ing detailed information about the physical framework to be
accessible and time-invariant, and its execution is influenced
in the event that this assumption is not satisfied. Conversely,
the proposed controller employs an estimation approach to
detect changes in the physical system’s parameters or unmod-
eled behavior. The cost function in the proposed MFPC
retains the same terms as the conventional MPC, but with a
modification specifically, the error terms are squared, as illus-
trated below:

g = (iares — ialk + 1)* + (ip.res — ip(k + 1)°
+ac Vet —verk + D) + A (i ref— izi Gk + 1))°
(16)

However, a key distinction lies in the treatment of error terms.
Unlike MPC, which might use the absolute value or linear
terms for errors, the MFPC cost function incorporates squared
error terms. Due to the squared error, terms can be increased
emphasizing large errors and simplified optimization for the
proposed MFPC.

When using the estimated load model for a certain inverter
voltage vector, the real and imaginary components of the
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FIGURE 6. Block diagram of the ULM AC side-based MFPC.

load current vector are estimated as iq(k+1) and ig(k +1),
respectively, for determining the optimal voltage vector in
the next sampling period. In the same way, vci(k +1) and
ir1(k +1) are estimated as the capacitor voltage and inductive
current using the proposed estimation of the qZSI parameters.
The following subsections detail the estimation method.

A. PREDICTION MODEL OF THE CAPACITOR VOLTAGE
AND INDUCTOR CURRENT
1) AC PART DISCRETE-MODEL
In the proposed MFPC technique, the estimation of future
output current relies on the current variations detected by the
ultra-local model (ULM). As described in [28], the ULM of
a single-input single-output (SISO) system can be modeled
as a first-order system, characterized by its dynamics and
input-output relationship and can be modeled as
w =F@t)+aU(t) a7
dt
where Y (¢) denotes the system’s outputs, whereas F () repre-
sents the system’s attributes, known and unknown, including
disturbances. The constant «, which is a nonphysical con-
stant, is utilized to alter the sequence of the inputs in (17).
The value of « is typically determined through trial and
error, allowing for fine-tuning of the input in order to optimize
the system’s performance. When comparing (17) with (3),
it is possible to derive the model of the qZSI based on the
ULM.
diga,p)(1)
dt
where «; is a nonphysical constant for the load current term,
and v,is the ZSI voltage vector and system input. The current
variations associated with the qZSI’s eight voltage vectors
may be computed using the first-order discrete-time ULM
in (17), as shown below:

A, py(k) = Ts(F1 + ajvp(k)),p =0,...,7 19)

= Fi(®) + avp(t) (18)

The output current prediction model is determined by consid-
ering the variations in the output current (Aigy g(k)) between
the (k + 1) and (k) sampling periods. The model considers
the eight voltage vectors of the inverter, as defined in Table 1.
By analyzing the current variations and incorporating the
voltage vectors, the model enables an accurate prediction
of the output current behavior in subsequent sampling peri-
ods as:

i,p)(k + 1) = i p)(k) + Ts(F; + ajvp(k))  (20)
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Figure 5 represents the block diagram of the ULM-based
MFPC for the AC side. This diagram provides an overview
of the control system, showcasing the relationship between
different components and modules involved in the MFPC
algorithm. It serves as a visual representation of how the ULM
is utilized in conjunction with the MFPC approach to achieve
effective control over the AC side of the system.

2) DC PART DISCRETE-MODEL

The Euler backward technique is used to transform the con-
verter state variables’ derivatives to the discrete-time analysis
form:

Fri—st + asrimpy
Fri—nst + oustii
Fci—st + asriimy
Fci—nst + austiiny
ir1—st(k)
ir1—st(k)
T 21
5 vei1—st(k) @
vi1—st (k)

ir1—st (k+1)
ip1—nsT(k +1)
vel—st (k+1)
ver-nsT(k + 1)

3) DETERMINATION OF THE UNKNOWN FUNCTION F

The estimated value of the unknown function F can be
obtained by applying algebraic identification methods. It is
expected that F' can be accurately estimated, which results in
F = F. The estimated value of F is calculated as follows for
every iteration:

R 3 . .
e (F F) 2
J.3TSZ 1+ F (22)
h=1
where
A 3 PN A ~ ~ T
F = —P—TS[Fi Fri—st Fri—nst Fci-st FlenST:I ,

and j,h are the window sequence dimensions, while F 1andf7 )
can be obtained from (23) and (24), as shown at the bottom of
the next page, respectively. where «, asr, oys7 are the con-
stant coefficients of the AC side, the DC side for the ST, and
non-ST states, respectively. The calculation of vcy_g7(k+1),
iri—st(k+1), vei—pst (k + 1), and vei—sr(k+1) can be
explain in Figures 7 and 8.

Figure 9 illustrates the flowchart of selecting the appropri-
ate switching states for each sampling time in the proposed
MFPC of qZSI. In the first stage, the proposed algorithm
measures the iy, ve1, and ir1. Then, the procedure applies
the Clarke transformation to the 3-¢ output currents. The
predicted output current of the proposed MFPC algorithm is
computed based on the equations presented in Figure 7 and
Eq. (20). The procedure is started by adjusting the optimum
objective function (g,,) before entering the control loop.
The predicted values for v¢y and ip; are determined using
the technique in Figures 7 and 8 considering all states and
all vectors. In order to begin the optimization process, the
controller essentially determines the cost function using (16).
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FIGURE 7. Structure of proposed MFPC in ST state.
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FIGURE 8. Structure of the proposed MFPC in non ST state.

Based on the optimized cost function value, MFPC chooses
the appropriate switching state that corresponds to the best
control action. This process ensures efficient optimization
and determines the optimal switching state for the qZSI.

4) REFERENCES CALCULATIONS

Several factors are taken into account when defining the
value of vy rer and ipy s values. The reference ipy s is
estimated based on the desired output power to be injected
into the RL load, as specified in (25).

i1 (k) = Prer /i, (k) (25)

This estimation ensures the inductor current is appropriately
adjusted to meet the system’s power requirements. On the
other hand, it is established that v must be at least twice
the value of the peak phase voltage to provide required line-
to-line voltages. This requirement ensures that the capacitor
voltage remains sufficiently high to support the operation
of the qZSI and maintain stability. The system can ade-
quately handle voltage fluctuations and maintain reliable
performance by setting the capacitor voltage at this level.

v

/ffesm vci(k), izilk), ia(k), ia(k), ic(k)
v

| Reference calculation |

-

Calculate ias(k+1)
using Fig.6

IF ST state

Calculate irzsr(k+1),
verst (k+1) using Fig.7
\

Calculate ir1nst (k+1),
vcinst (k+1) using Fig.8
[

N

» <
L <

Calculate the cost function
glx) using (16)

IF glx) < gope
xopt = g(x)

Xopt =X

Apply S(xopx)

FIGURE 9. Flowchart of the proposed MFPC for qZSI.

The reference of the output current o8 plane is represented
as follows

.. T [2Ppef . . . 4T
[lot,ref lﬂ,ref] = Taﬁ/abc 3_R(3f [la,ref b, ref lc,ref] (26)

In this context, R refers to the load resistance, while
Py denotes the active power load reference. The equation
relates these elements to define the reference for the out-
put current in the «f plane. This reference current, when
applied through appropriate control strategies, helps achieve

(G —2(h = 1)igtk = 1) + (G —2h)ig(k)
G —2(h — 1)igtk — 1)+ (G — 2h)ig(k)
a G—2h—1))ip1—sttk = 1)+ (G —2h)ir1—nsT (k)

Fr=1 G =2t = iy usrtk = D+ G — 2hig1_sr(k) @3)
(G —2(h—D)vci—srtk = 1)+ (G —2h)vci-sr(k)
| G —2(h— D)vei—nsrk — 1)+ (G — 2h)ve1—nst (k)
[ ath— DTs(G— (h— D) vk — D)+ aiTs(j — h)va(k)
a(h — DTs(j — (h — Dywg(k — 1)+ aiTs( — hyvg(k)
. ast(h — DTs(G — (h — 1)ig(k — 1) + asriTs( — )i (k) 24)
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apst(h — DTs(G— (h — 1))ijm(k — 1) + austiTsG — )i (k)

ast(h — DTs(G — (h — D)ig(k — 1)+ asriTs(G — hiin(k)

| nsT(h — DTG — (h = D)iipy(k — 1)+ atpsiTs(j — h)iiny(k)
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TABLE 2. Specifications of the system.

Circuit parameters Value
Cio Ly 2.5 mF, 4 mH
Internal resistance r,, R;, 0.19Q,0.1Q
Three-phase load L, R 24 mH, 12 Q
Sampling time T's 20 ps
Input voltage v;, 100 V
Output frequency f 50 Hz
Output voltage 142V

the desired active power transfer and regulates the system’s
behavior.

IV. SIMULATION RESULTS

In order to assess and verify the efficacy of the proposed
MFPC approach depicted in Figure 5, a comparative sim-
ulation analysis is carried out using MATLAB/Simulink.
The conventional MPC and the proposed MFPC were sim-
ulated and compared. The comparison between these control
strategies was based on their respective abilities to achieve
accurate tracking, reject disturbances, and maintain robust-
ness in the face of variations in system parameters. The
simulation models incorporate various parameters listed in
Table 2 before entering the control loop. These factors greatly
influence the performance and behavior of the control tech-
niques. A prediction horizon of k 4 2 is considered for the
MFPC algorithms to mitigate the computational delay effect.
A dependable and effective control strategy is ensured by
selecting a prediction horizon that balances computing effort
and forecast accuracy.

A. SCENARIO 1: TRANSIENT PERFORMANCE OF THE
SUGGESTED MFPC AND THE TRADITIONAL MPC

When a step change in the output reference current occurs,
the transient performance of the suggested MFPC and tra-
ditional MPC algorithms is evaluated. The obtained results
are presented in Figures 10 and 11, respectively. These fig-
ures illustrate the behavior of the dc-link voltage, capacitor
voltage, inductive current, three-phase load current, the error
between the measured and reference output phase current,
and the harmonic spectrum for the output current after the
transient response of the proposed MFPC and traditional
MPC, respectively.

The two controllers measure the signals of iypc, Ve, and ip g
as feedback. In this case study, at the instant t= 200 ms,
the required output power P, is increased from 500 W
to 800 W, and the associated steady-state references are mod-
ified according to (25). As aresult, the iy | reference increases
from 5 A to 8 A, and the output current increases from 5.7 A
to 7.3 A.

Regarding the DC-link voltage, the proposed MFPC
approach maintains the voltage unchanged under the step
change, as depicted in Figure 10(a), while the conven-
tional approach exhibits increased voltage ripple as shown
in Figure 11(a). It is worth noting that the proposed MFPC
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FIGURE 10. Simulation results for the proposed MFPC of qZSI.

introduces a higher ripple in the current of the inductor L,
which can be attributed to the variation in switching frequen-
cies, as seen in Figures 10(b) and 11(b).

Meanwhile, as shown in Figures 10(c) and 11(c), the capac-
itor voltage maintains a constant at 150 V under the step
change. In both cases, the iy, accurately follows the sinu-
soidal references, as shown in Figures 10(d) and 11(d).
Moreover, in Figures 10(e) and 11(e) the proposed MFPC
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FIGURE 11. Simulation results for the conventional MPC of qZSI.

Mag (% of Fundamental)

exhibits improved tracking accuracy with lower output cur-
rent error than the conventional MPC.

Introducing variable switching frequency is vital in gen-
erating a high-quality output current with minimal THD.
As depicted in Figures 10(e) and 11(e), the proposed MFPC
outperforms the conventional MPC. It demonstrates the
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smallest error (i4_¢rror) When analyzing the deviation between
the measured output current (i) and the reference value in
phase a (g, rer ). This error is quantified as iy_crror = ia_ref - la-

In Figures 10(f) and 11(f), the total harmonic distortion
(THD) of the output current, as measured in the conven-
tional MPC system, is approximately 2.60%. In contrast, the
proposed MFPC demonstrates a substantially lower THD of
around 1.64%. This noticeable difference underscores the
enhancement of the suggested MFPC system that is provided
over the traditional MPC method.

In Figure 12, the output current response to a current
reference step is depicted for both the suggested MFPC and
the traditional MPC. The illustration clearly shows that the
proposed MFPC outperforms the conventional MPC regard-
ing tracking performance, especially in closely following the
reference current.

10 |

_lr(MFPC) _lE(MPC) _1E,mf

5 W

0 J
0.198 0.2 0.202

Time [s]

FIGURE 12. The output current of the suggested MFPC and the traditional
MPC under the current reference step.

B. SCENARIO 2: LOAD PARAMETERS MISMATCH

A load parameter mismatch is performed for both the con-
ventional MPC and proposed MFPC with qZSI to extend the
benchmarking, as illustrated in Figures 13 and 14, respec-
tively. A mismatch between the parameters used in the
prediction model and the actual value of the load is intro-
duced. As the instant ¢+ = 200 ms, the load resistance and
inductance values are changed from R = 12 2, L = 24 mH
to R = 6 Q, L=12 mH. As evident, under the same other
simulation conditions, the proposed MFPC method demon-
strates precise control of the output current compared to the
conventional MPC technique. The primary reason for this
discrepancy is that the conventional MPC relies on accurate
system model parameters. When the model is not precise or
contains inaccuracies, the controller’s effectiveness is com-
promised, leading to suboptimal performance.

C. SCENARIO 3: qZSN MODEL MISMATCH

To highlight the proposed MFPC’s efficacy in addressing
uncertainty, the values of the capacitance and inductance
in the qZSI are decreased by 10% in both control sys-
tems. The system was subsequently simulated, as depicted in
Figures 15 and 16, to showcase the reference and measured
currents under inductance and capacitance uncertainties
(i.e., -10%). This simulation included a step power change
from 500 W to 800 W at + = 200 ms. When incorporat-
ing uncertainties in both inductance and capacitance in both
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FIGURE 13. The conventional MPC considering RL load mismatch.
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FIGURE 14. The proposed MFPC considering RL load mismatch.

control methodologies, no discernible difference is observed
between the measured and reference currents after or before
the load power variation. In Figures 15 and 16, it is evident
that the proposed MFPC outperforms the conventional MPC
notably, even in the presence of parameter mismatch and
minor errors.

D. SCENARIO 4: THD ASSESSMENT AT INDUCTIVE
LOAD MISMATCH

The results depicted in Figure 17 visually highlight the
efficacy of the proposed MFPC-based ULM. The proposed
MFPC showcases its ability to effectively reject significant
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FIGURE 15. Simulated igp. with proposed MFPC under LC network
mismatch (a) reduce 10% of C, (b) reduce 10% of L.
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FIGURE 16. Simulated iy}, with MPC under LC network mismatch
(a) reduce 10% of C, (b) reduce 10% of L.
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FIGURE 17. Comparison of THD under different L values.

changes in filter inductance. This resilience is particularly
valuable in dynamic systems where adaptability is crucial.
The use of MFPC implies a reliance on predictive control
strategies without the need for an explicit system model,
emphasizing the versatility and applicability of the approach.
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FIGURE 18. Schematic illustration of the HIL implementation for the suggested control setup.

These findings signify a promising advancement, suggesting
that the ultra-local model holds potential for practical imple-
mentation in scenarios where precise and resilient control
amidst variable filter inductance is paramount.

E. SCENARIO 5: THD ASSESSMENT AT VARIOUS
SAMPLING PERIODS

The impact of changing the sample time on the operation
of the qZSI regulated by the suggested MFPC and the tra-
ditional MPC has been investigated. Figure 18 compares the
THD of the output voltage of the two controllers at various
switching times. THDs with both methods are lower than the
recommended values. However, for all sampling periods, the
suggested MFPC consistently has the smallest THD.

V. HIL VALIDATION

In this part, we used the HIL validation to verify the practi-
cality of the proposed MFPC using a digital signal processor
(DSP) controller. The C2000TM microcontroller Launch-
PadXL. TMS320F28379D package was created as an HIL
emulator to perform tests on the proposed system and inves-
tigate simulation findings. In this configuration, the HIL
emulator runs a MATLAB model of certain system compo-
nents, generally the power part, on the computer [29], [30].
This approach allows for testing of the proposed system with
accurate simulation representation.

The MATLAB program is a simulation environment, simu-
lating and hosting the proposed system’s power components,
such as gZSI and load. On the other hand, the microcon-
troller is implementing the control algorithms, especially
those offered by MFPC, into action. Virtual serial COM
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FIGURE 19. THD assessments of the proposed MFPC versus the
conventional MPC at various sampling periods.

ports make it easier for the PC and the control board to
communicate [31]. As a result, MATLAB could send mea-
sured signals from the qZSI circuit to the microcontroller
board, such as the v, ir.1, vc1, and igpe. The microcontroller
board generates the qZSI switching signals using the control
algorithms. Figure 18 depicts a schematic illustration of the
proposed MFPC’s HIL implementation, demonstrating how
the computational and control components are combined for
testing and validation.
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TABLE 3. Comparative analysis between the proposed MFPC and the existing models.

Previous work [32] [33]

[34] [35] [36] Proposed control

Direct model

MPC current control

Dual-mode

Control strategy MPC predictive current with phase lock loop MPC power control MPC MFPC
control
Switching frequency Variable (20 kHz) Variable (15 kHz) Variable (22 kHz) Constant (10 kHz) Variable Variable (9 kHz)
Mismatch parameter test No No No No No Yes
Parameter dependency Yes Yes Yes Yes Yes No
THD (%) 1.9 4 3.2 227 2.48 1.2
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FIGURE 20. The HIL validation of the proposed MFPC under step changes.

Figure 20 displays the outcomes of the HIL validation of
the proposed MFPC for the scenario where the desired output
power Ppr rises from 500 W to 800 W at instant 7= 200 ms.
Therefore, the peak output current jumps from 5.7 A to
7.3 A. The ip refrises from 5 A to 8 A. The load currents,
DC-link voltage, inductor load, and capacitor voltage closely
match the simulation results from Figure 11, with some
minor deviations due to the measurement noise impacting the
waveforms.

VOLUME 12, 2024

It is essential to note that the signals in the HIL implemen-
tation exhibit higher noise and spikes compared to the cleaner
simulation results of Figure 20. These differences can be
attributed to the real-world effects and limitations introduced
by the HIL setup, which might lead to minor differences
between the HIL validation and simulation results. Nonethe-
less, the overall concordance between the experimental and
simulation findings confirms the efficiency of the suggested
MFPC in practice.

Vi. COMPARATIVE STUDY

Table 3 provides an insight into the features of switching
frequency, line current THD, and other relevant parame-
ters impacted by the proposed MFPC and various control
algorithms [32], [33], [34], [35], [36] as assessed through
MATLAB simulations. The comparative analysis reveals the
discernible advantages of the recommended MFPC, showcas-
ing its capability to enhance line current quality and rectify
parameter mismatches.

Unlike some other control methodologies, the MFPC
demonstrates robust performance without relying on vari-
ations in the qZSI parameters. This unique attribute adds
a layer of flexibility to the proposed MFPC, making it a
noteworthy consideration in scenarios where parameter inde-
pendence is a critical factor in the control strategy.

However, it is crucial to highlight a distinctive feature of
the proposed MFPC: its independence from the qZSI with
the prevalent characteristic of many MPC techniques reliant
on cost functions.

VIl. CONCLUSION

This work presents a novel model-free control approach,
MFPC, for qZSI that can also be applied to other
DC/AC single-stage converter configurations. The out-
comes demonstrate the benefits of using an MFPC strategy
over a conventional MPC, particularly in situations when
there are parameter uncertainties or mismatches. The pro-
posed MFPC has the capability to seamlessly integrate the
shoot-through state while simultaneously attempting to iden-
tify the unknown function in the ULM. The suggested MFPC
exhibits excellent performance measurements in both tran-
sient and steady modes. It consistently produces favorable
results under various operating conditions, including a quick
settling time and low output current ripple. In addition,
the MFPC approach provides static and dynamic control
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effectiveness superior to the conventional MPC technique
utilized for benchmarking.

Simulation results further suggest that MFPC can oper-
ate effectively without requiring detailed knowledge of the
physical model of the qZSI and RL load. These findings
open up possibilities for exploring the robust application
of MFPC in more complex power electronics systems
straightforwardly and systematically, paving the way for new
avenues of research and practical implementation. Further-
more, experimental confirmation of the suggested MFPC
control approach for qZSI is carried out utilizing a DSP
controller in the HIL emulator, proving the feasibility and
successful execution of the suggested control approach.
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